Ultrawideline dynamic nuclear polarization (DNP)-enhanced 195 Pt solidstate NMR (SSNMR) spectroscopy and theoretical calculations are used to determine the coordination of atomic Pt species supported within the pores of metal−organic frameworks (MOFs). The 195 Pt SSNMR spectra, with breadths reaching 10 000 ppm, were obtained by combining DNP with broadbanded cross-polarization and CPMG acquisition. Although the DNP enhancements in static samples are lower than those typically observed under magic-angle spinning conditions, the presented measurements would be very challenging using the conventional SSNMR methods. The DNP-enhanced ultrawideline NMR spectra served to separate signals from cis-and trans-coordinated atomic Pt 2+ species supported on the UiO-66-NH 2 MOF. Additionally, the data revealed a dominance of kinetic effects in the formation of Pt 2+ complexes and the thermodynamic effects in their reduction to nanoparticles. A single cis-coordinated Pt 2+ complex was confirmed in MOF-253.
T he hyperpolarization of nuclear spins by dynamic nuclear polarization (DNP) is rapidly revolutionizing solid-state nuclear magnetic resonance (SSNMR) spectroscopy. The technique relies on irradiating the sample with microwaves at the electron Larmor frequency and transferring the highly polarized electron magnetization to the nuclei. In the case of solid materials, the unpaired electrons are typically introduced exogenously into the solid sample by incipient wetness impregnation in the form of solution of biradical molecules. DNP can lead to experiment time savings of 3−4 orders of magnitude, thereby enabling the SSNMR measurements of previously inaccessible sample components and nuclei. 1−3 The applications of DNP to study materials have, however, thus far been confined to nuclei possessing relatively narrow NMR spectra, with a particular emphasis placed on detection of light spin-1/2 isotopes (e.g., 1 H, 13 C, 29 Si) under magic angle spinning (MAS) conditions. These experiments have used both single-pulse excitation (direct DNP) as well as cross-polarization (CP, indirect DNP) from nearby protons.
However, most elements of interest in chemistry and materials science possess heavy spin-1/2 nuclei (e.g., 195 Pt, 199 Hg, and 207 Pb) or quadrupolar nuclei (e.g., 14 N, 17 O, 35 Cl, 69/71 Ga, 79/81 Br, and 91 Zr), which yield very broad SSNMR spectra due to their large chemical shift anisotropy (CSA) 4,5 or quadrupolar interaction. 6−9 In principle, MAS can be applied to average the CSA and the first order quadrupolar interaction, with various degrees of success, whereas the second-order quadrupolar interaction that affects the central transition of a half-integer quadrupolar nucleus is only partly reduced (by a factor of ∼3). 10 The inhomogeneous broadening arising from distributions of the isotropic components of these interactions, unfortunately, remains unaffected by MAS, which leads to large manifolds of unresolved spinning sidebands in the spectra of many disordered materials. Thus, in spin systems with sufficiently long relaxation times, it is often advantageous to instead measure the static samples, using a Carr−Purcell− Meiboom−Gill (CPMG) train of refocusing π pulses to "recycle" the transverse magnetization during the signal acquisition. After a Fourier transformation, the CPMG spectrum consists of a manifold of narrow "spikelets" with a substantially enhanced signal-to-noise ratio. 11 In addition, uniform excitation of such broad spectra cannot be achieved at any single transmitter offset. 12, 13 It is necessary to perform a piecewise acquisition of ultrawideline spectra using the variable offset cumulative spectrum (VOCS) acquisition method. 12 Of course, the broad NMR line widths exacerbate the sensitivity problems, particularly in the case of dilute surfacebound species. We wish to report here that these sensitivity woes can be circumvented with the use of DNP. We apply this new approach to the characterization of the coordination of Pt 2+ ions in metal−organic frameworks (MOFs). Conveniently, CP schemes making use of broadband adiabatic inversion (BRAIN) contact pulses have recently been reported that significantly enhance the bandwidth of 1 H− 195 Pt polarization transfer in static samples. 14 This BRAIN-CP experiment, which incorporates a wideband, uniform rate, and smooth truncation (WURST) pulse for uniform spin locking of broad powder patterns with additional sensitivity enhancement by CPMG refocusing (WURST-CPMG), 11, 15 can be readily combined with DNP ( Figure 1 ) to enable the detection of 195 Pt signals from dilute Pt 2+ ions bound to the surface of the MOF. For brevity, we will denote the 1 H− 195 Pt BRAIN-CP/WURST-CPMG experiment as " 195 Pt{ 1 H} BCP". We note that direct 195 Pt DNP is less likely to be applicable here due to its lower signal enhancement 16 and the broad CSA line width, 17 which would require the sweeping of the magnetic field for each subspectrum to obtain a uniform excitation.
MOFs comprise an important new class of coordination polymers with crystalline and highly porous structures, which differ from other porous materials, such as zeolites, mesoporous silica, and aluminas, in that a high degree of structural control is available due to the tunability of the linkers. 18, 19 For example, MOFs possessing free nucleophilic groups can complex metal cations 20,21 to achieve desired absorption characteristics for water purification, 21, 22 enable applications as sensors 23 and metal-complex catalysts, 24−27 or serve as precursors for metal nanoparticles. 28, 29 Atomic-level understanding of the coordination environment of metal ions is crucial for these applications. To this end, X-ray absorption spectroscopy (XAS) can be used to provide the coordination number and the metal−ligand distance. 24, 30, 31 However, XAS methodology cannot fully determine the geometrical configuration of the complex, and in some cases lacks the elemental specificity needed to identity the coordinating atoms. Conventional SSNMR methods, on the other hand, though capable of characterizing the metal sites in MOFs via the location and dynamics of absorbed gas molecules, 32, 33 fail to detect such sites directly due to the inherently low sensitivity.
Herein, we demonstrate that the DNP-enhanced ultrawideline 195 Pt{ 1 H} BCP SSNMR method enables definite characterization of the coordination environment of Pt complexes constructed in MOFs. Two types of MOFs, UiO-66 and MOF-253, were synthesized and impregnated with Pt 2+ ions as described in the Supporting Information (SI). UiO-66, which features Zr 6 O 4 (OH) 4 cornerstones bridged by 12 easily functionalizable 1,4-benzenedicarbozylate linkers (L), has attracted a high degree of attention due to its high stability when exposed to elevated temperatures and water vapor. 34 Using DNP-enhanced 15 N SSNMR and XAS, we have recently established that the loading of amine-functionalized UiO-66 (UiO-66-NH 2 ) with Pt 2+ ions, by exposure to aqueous solution of K 2 PtCl 4 , leads to the coordination of Pt 2+ by the MOF's linkers. 30, 31 MOF-253 (Al(OH)(2,2′-bipyridine-5,5′-dicarboxylate)) 20 also forms metal complexes on the linker through the pyridyl nitrogen atoms. 24, 35 Metal binding sites in MOF-253 are of interest for applications in hydrogen storage and catalysis. The coordination geometries of metal ions within these MOFs, however, remain elusive.
DNP-enhanced 195 Pt{ 1 H} BCP subspectra of Pt 2+ /UiO-66-NH 2 measured using a single transmitter frequency are shown in Figure 2a and b. For spectra a and b, the DNP enhancement factor (ε), estimated by comparing the 195 Pt signal intensity in the presence and absence of microwave irradiation, was found to be of only 6. Note that the pores of the MOF are too small to accommodate the bulky TEKPol biradical, 36,37 and thus, hyperpolarization must travel within the microcrystal by 1 H− 1 H spin diffusion, which leads to an unavoidable loss of DNP efficiency. 38, 39 Furthermore, the signal enhancement measured in static samples is lowered by the more difficult to satisfy cross-effect condition and the unidirectional irradiation of the rotor with microwaves. To alleviate this last drawback, we incorporated dielectric NaCl particles in the sample, which have been shown to locally amplify the microwave power. 40, 41 Indeed, the use of a mixture of Pt 2+ /UiO-66-NH 2 and NaCl (25/75 w/w) quintupled the ε value to ∼30 (Figure 2d,e ), leading to a higher overall sensitivity (by 25−35%) than rotor containing pure Pt 2+ /UiO-66-NH 2 , in spite of the decreased sample amount. Henceforth, the static DNP SSNMR experiments were performed using 75 wt% of NaCl. Note that no discernible 195 Pt signal was obtained by WURST-CPMG in the same experimental time (Figure 2c) .
The large CSA of 195 Pt in Pt 2+ /UiO-66-NH 2 leads to a broad powder pattern of ∼10 000 ppm in breadth, necessitating the use of the above-mentioned VOCS method to construct the full spectrum. Figure 3a shows the DNP-enhanced 195 Pt ultrawideline SSNMR spectrum of Pt 2+ /UiO-66-NH 2 obtained in 7.5 h. Figure 1b ). Experimental details are provided in the SI.
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Letter Note that the bandwidth of the NMR probe is reduced at low temperatures, and thus, 14 subspectra were needed to accurately measure the line shape, as described in the SI.
With the use of a larger sample volume, similar experiments might be feasible using conventional hardware; however, such quantities of samples are often unavailable, as in this case. Future advances in DNP methodology will, undoubtedly, yield further improvements in sensitivity compared to conventional SSNMR. The spectrum could only be successfully simulated with the use of two Pt 2+ sites whose chemical shift tensor parameters are similar to those found in crystalline cis-and transplatin (A and B, respectively, see Figure 3a and Table 1 ). 17 Additionally, DFT calculations of the magnetic shielding tensors were performed for geometry optimized models that are in accordance to the expected coordination modes in the MOF shown in Scheme 1 and listed in Table 1 (these were described in our earlier study, 30 where (2,3)-cis and (3,3)-cis structures were found to be unstable). The calculated CSA parameters for the previously predicted four coordinations, which included (2,2)-cis, (2,2)-trans, (2,3)-trans, and (3,3)trans, are in agreement with experiment (see Table 1 ), thus providing additional support for the resonance assignment and validating the presence of both cis and trans coordinations within this MOF. 30 As mentioned earlier, Pt 2+ /UiO-66-NH 2 can be also used as a precursor in Pt nanoparticle synthesis. Thus, we collected the DNP-enhanced 195 Pt spectrum after the sample was treated at 150°C for 30 min under a stream of 10% hydrogen in argon (Figure 3b ). This treatment leads to the partial reduction of Pt 2+ ions and the formation of ∼1.4 nm Pt particles, as evidenced by TEM (see Figure S1 in the SI). Again, the spectrum represents a linear combination of cis-and transcoordinated Pt 2+ sites. The fitting shows that the relative amount of cis-coordinated sites reduced from 60% to 30% of the total intensity, thus indicating that the cis-coordinated Pt 2+ ions are less stable than the trans-coordinated ones.
Although the (2,3) configuration in terms of −NH 2 position is the most statistically probable, the cis-coordinated Pt 2+ sites can only form with the (2,2) configuration. The predominance of cis-coordinated sites is then attributed to a kinetic trans effect. That is, the coordination sites trans to a chloride ligand are most easily substituted, due to their weaker Pt−L bonds, which favors the synthesis of a cis-coordinated complex. On the other hand, the trans influence, 42 which weakens the Pt−N bonds in the cis-configuration, leads to the faster reduction of cis-coordinated Pt 2+ .
As expected, signals from the nanoparticles themselves could not be detected by NMR via either direct polarization SSNMR or the DNP-enhanced 195 Pt technique described above. This is 
Letter due to the >3 MHz Knight shift distribution, 43 short relaxation times, and the absence of protons within the particles. Figure 4 depicts the DNP-enhanced ultrawideline 195 Pt{ 1 H} BCP spectrum of Pt 2+ /MOF-253, which was synthesized by introducing PtCl 2 (DMSO) 2 to MOF-253. 24 Here, the CSA spans just below 7000 ppm, which necessitated accumulation of 10 subspectra. The spectrum could be fit to a single Pt site, with the chemical shift tensor parameters given in Table 1 . The DFT calculations of magnetic shielding for a model complex, cis-[Pt(2,2′-bipyridine-5,5′-dicarboxylic acid)Cl 2 ] (also shown in Table 1 and Scheme 1), unambiguously identified the Pt site as being cis-coordinated. This is a significant finding, considering that nitrogen atoms from adjacent bipyridine moieties in MOF-253 are only ∼4.2 Å apart, 20 which in principle could allow the formation of a trans Pt complex bridging two adjacent linkers (this distance is too long for a cis complex to form). Although a 2−2.1 Å Pt−N bond length has been reported for a similarly coordinated complex, 44 the NMR parameters derived from the 195 Pt spectrum excluded the trans coordination geometry.
In summary, we have performed, for the first time, ultrawideline DNP SSNMR measurements, which enabled us to characterize the atomic-scale geometry of the Pt 2+ ions that are coordinated to the linkers in MOFs. In conjunction with theoretical calculations, the 195 Pt spectra revealed the formation of both cis-and trans-coordinated Pt complexes in the UiO-66-NH 2 , whereas only a cis-coordinated complex was detected in MOF-253. The results also suggest that the preference for ciscoordination geometry in UiO-66-NH 2 is significantly affected by a kinetic effect and that the cis-coordinated Pt 2+ ions are more susceptible to a reductive treatment. Such important details pertaining to the geometry and reactivity, of supported metal species were not previously available by any means, including conventional SSNMR. Undoubtedly, DNP-enhanced ultrawideline SSNMR of other spin-1/2 and quadrupolar nuclei will lead to definite characterization of elusive sites in numerous classes of materials. 
